For aerosol related studies, the size distribution and hygroscopicity of chemical components are very important information. In order to characterize the distributions of chemical compositions and the water absorption ability for ambient aerosols of Beijing, a MOUDI-120 sampler was used to collected size-resolved samples in three seasons. All the samples were analyzed in the laboratory for water-soluble inorganic ions and carbon fractions. The size-resolved aerosol liquid water content (ALWC) of the sampled particles was modeled by the ISORROPIA II. The distributions of the chemical compositions, the ALWC, and the charge balance conditions were all discussed for three different pollution levels. During the sampling, the aerosols in stages 6-10 (< 1.0 µm) were under relatively dry conditions due to the significant pressure drops. Three modes (condensation mode, droplet mode, and coarse mode) could be identified from the distributions of the main chemical components and the ALWC. For the droplet mode, the ammonium was not enough to balance NO 3 -and SO 4 2-during the heavily polluted period. The influence of relative humidity on ALWC is greater than that of the chemical compositions.
INTRODUCTION
Atmospheric aerosols are usually defined as four modes: nucleation mode, Aitken mode, accumulation mode and coarse mode (Hussein et al., 2004 (Hussein et al., , 2005 . The new particles formation process generally occurs in the nucleation mode, and the new particles could grow into the Aitken mode or accumulation mode by condensation and coagulation (Wehner et al., 2004; Wu et al., 2007) . The accumulation mode contains most of the hygroscopic chemical components, such as sulfate, nitrate, or ammonium. The particle size could be increased by several times through water uptake when under higher relative humidity (Yan et al., 2008; Garland et al., 2009; Ma et al., 2011) . Two sub-modes, named the condensation mode and the droplet mode, were also found in the accumulation mode (John, 1990 (John, , 2011 .
The size distribution is one of the most fundamental parameters for aerosol chemical species. It is significantly important for studying the aerosol formation mechanism, the interaction of aerosols with radiation, or the human health effects. The cascade impactor is often used to collect sizeresolved particles into several stages, and then the samples can be accurately analyzed in the laboratory for many kinds of chemical species. The new version of cascade impactors such as the MOUDI-12X (Mirco-Orifice Uniform Deposit Impactor), has more than ten stages and could achieve the minimum cutpoint of 10 nm. A great deal of labor and strict quality assurance or quality control (QA/QC) are required when using the cascade impactors for particle collection and the following laboratory analysis. Thus, the multi-stage (≥ 10 stages) cascade impactors have not been widely used yet. In previous studies, the distribution data of chemical species (especially the carbon components) obtained by multi-stage cascade impactors had not been fully presented for different seasons or different pollution levels (Yao et al., 2003; Hu et al., 2005; Massling et al., 2009; Meier et al., 2009; Guo et al., 2010; Wang et al., 2013) . So, it is necessary to establish a set of representative distributions for several chemical species.
Among all the chemical components of the aerosol, mineral salts, secondary ions, and water-soluble organic carbon (WSOC) have strong moisture absorption properties (Gysel et al., 2007; Zhao et al., 2013; Liu et al., 2014) . The environment effects of aerosol particles, such as the extinction coefficient, the energy budget of earth atmosphere, and the secondary pollutant conversion rate, could be significantly changed because of the changes in size, density, and mass caused by the water uptake (McMurry and Wilson, 1983; Dentener et al., 1996; Ravishankara, 1997; Anderson et al., 2003; Seinfeld and Pandis, 2006; Kolb et al., 2010; Cheng et al., 2016) .
Three methods are often used to study the size-resolved aerosol hygroscopicity, and further quantitatively calculate the aerosol liquid water content (ALWC). Firstly, hygroscopic tandem differential mobility analyzer (H-TDMA) instruments are used to determine the hygroscopic growth factors (HGFs) of size-resolved aerosols. However, the observed particle size is generally smaller than 300 nm (Swietlicki et al., 2008; Tan et al., 2017) . Secondly, the humidified nephelometer systems have also been developed to measure the light scattering enhancement factor f(RH). However, this method is unable to get the aerosol hygroscopicity in different size ranges (Koloutsou-Vakakis et al., 2001; Titos et al., 2014) . In addition, the hygroscopic ability of ambient particles can also be indirectly calculated based on size-resolved chemical compositions by the cascade impactors (Eichler et al., 2008; Meier et al., 2009; Massling et al., 2009; Liu et al., 2014) . Comparison with the results obtained by other methods, utilizing the size-resolved chemical compositions by MOUDI sampler could provide a reasonable estimation for the size-resolved HGFs . However, the characteristics of ALWC distributions in different seasons or under different pollution levels had not been fully discussed.
Consequently, the size-resolved particles were sampled using a MOUDI sampler in the summer, autumn, and winter from 2013 to 2015. The size distribution characteristics of water-soluble ions and carbonaceous components at different pollution levels in the summer and winter had already been discussed in our published paper. In addition, the actual relative humidity in the impactors during the summer and winter sampling periods were also calculated (Zhao et al., 2017) . But the results for the autumn samples were not displayed in that paper. During the autumn sampling periods of this study, the PM 2.5 concentrations had been at heavy pollution level many times. Thus in this paper, the distribution characteristics of the chemical compositions are presented for the aerosol collected in the autumn.
Many aerosol thermodynamic equilibrium models have been developed to estimate the ability of particles to take up water, including EQUIL, MARS, AIM, E-AIM, SCAPE, EQUISOLV, ISORROPIA etc. (Bassett and Seinfeld, 1983; Saxena et al., 1986; Wexler and Seinfeld, 1991; Jacobson et al., 1996; Nenes et al., 1998; Wexler and Clegg, 2002) . Studies found that the ISORROPIA II model was an effective tool for ALWC estimation for water-soluble ions (Bian et al., 2014; Guo et al., 2015) . Therefore, we utilize the ISORROPIA II model and the MOUDI results to calculate the distribution characteristics of ALWC in all these three seasons.
DATA AND MEASUREMENT

Site
The measurements were carried out on the roof of the Institute of Urban Meteorological in the Haidian district (about 36 m above the ground), which located in the northern urban area of Beijing, outside the third-ring road (39°56'N, 116°17'E). The sampling site was in the residential area, and there were no significant pollution sources nearby.
Sample Collection and Chemical Analysis
A Micro-Orifice Uniform-Deposit Impactor (MOUDI-120) was used for aerosol sampling, and the calibrated 50% cut sizes were 0. 056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.1, 6 .2, 9.9 and 18 µm. The MOUDI-120 could monitor the temperature inside of the cabinet and monitor the absolute pressure at the inlet and downstream of stages 6, 7, 8, 9 , and 10 of the impactor every minute. In addition, the PM 2.5 mass concentrations (Metone 1020), and the ambient relative humidity were synchronously obtained by on-line monitoring.
Size-resolved sampling was performed on July 12-18, 2013, January 13-19, 2014 , July 3-5, 2014 , October 9-20, 2014 , and January 26-28, 2015 . Fifteen sets of samples were obtained for the summer time, fourteen sets of samples were collected for the autumn time, and eighteen sets for the wintertime, respectively. As mentioned in the Introduction, chemical composition data in the summer and winter had been discussed in the paper of Zhao et al. (2017) . Thus, in this paper, the distribution characteristics discussions of the chemical components are mainly focused on the autumn results. The sampling time and average PM 2.5 concentrations for each set of samples in the autumn are given in Table 1 . Except for one set of samples, all of the samples were collected from 08:00 to 19:00 for the daytime and from 20:00 to 7:00 the next day for the nighttime. The one-hour intervals were used for filter changing and nozzle plate washing with ethanol.
The hourly PM 2.5 concentrations and ambient relative humidity during the autumn sampling periods are depicted in Fig . And the ambient relative humidity was higher than 60% in 126 hours.
Quartz fiber filters (Pallflex, 47 mm) were used for particle sampling. One-half of each quartz fiber filter was analyzed by an ion chromatography (ISC-1000, DIONEX) for watersoluble inorganic ions (Na + , NH 4 + , K + , Mg 2+ , Ca 2+ , Cl -, NO 3 -, and SO 4 2-). And a 0.5cm 2 punch from a 1/4 piece of filter was analyzed by a thermal optical carbon analyzer (DRI-2001A) for OC (Organic carbon) and EC (Elemental carbon), following the IMPROVE_A protocol (Chow et al., 1993 (Chow et al., , 2007 .
A detailed description for the features of instruments, the procedures of pre-treatments and laboratory chemical analysis (including the quality assurance & quality control) were given in the paper of Zhao et al. (2017) .
Methods for Calculation of Actual Relative Humidity in the Impactor
In order to obtain the accurate size distributions of ambient aerosol, the influence of the water absorption by hygroscopic particles was considered in some studies. The inner relative humidity during cascade impactors sampling was assumed to equal to the ambient relative humidity when calculating the particle Stokes diameters. The ALWC was calculated and the cutpoints of the cascade impactors were modified (Eichler et al., 2008; Liu et al., 2014) . In practice, the pressure drops in the lower stages could significantly decrease the relative humidity. In the paper of Zhao et al. (2017) , a new method was presented to calculate the actual relative humidity in the impactors, using Eq. (1):
where RH i is the relative humidity in stage i of the impactors; RH a is the ambient relative humidity; e a and e i are the ambient saturation water vapor pressure and saturation water vapor pressure in stage i calculated by the Goff-Gratch equation, respectively; and p i and p 0 are the absolute pressure in stage i and stage 0 (ambient pressure), respectively.
In this paper, we also used this method to calculate the actual relative humidity in each stage of the MOUDI sampler. Table 2 shows the average relative humidity in stages 6-10 for each set of samples. The actual relative humidity in each stage of the cascade impactor was decreased with the pressure decreases. All of the relative humidity in the lower stages (< 1.0 µm) of sampler was less than 50% in the autumn, and most of them were below 40%. The actual relative humidity in the MOUDI sampler was higher than that in other two seasons due to the very high ambient relative humidity during the autumn sampling. Based on the results of all three seasons, we may come to the conclusion that the effect of aerosol moisture absorption can be ignored in most cases when collecting aerosol by multi-stage cascade impactors.
RESULTS AND DISCUSSION
Mass Concentration Size Distributions
Fig . 2 shows the scatter plots of the mass concentration size distributions for all of the analyzed species in the autumn. Three modes (condensation mode, droplet mode, and coarse mode) could be identified from the distributions of NH 4 + , NO 3 -, SO 4 2-, Cl -, K + , OC, and EC in the autumn, just like the results in the summer and winter (Zhao et al., 2017) . The NH 4 + , NO 3 -, SO 4 2-, OC, and EC were mainly distributed in droplet mode and with mass concentrations F6 and F8) , and ten sets (F1-F4, F7, F9-F13) of autumn samples belonged to these groups, respectively. Fig. 3 shows the average mass concentration distributions for all of the analyzed chemical species during the daytime, nighttime, unpolluted, polluted, and heavily polluted periods. There was not much difference between the distributions of each species in the nighttime and in the daytime. However, between unpolluted and polluted periods, there were considerable differences in concentration levels and size distributions.
As shown in Fig. 2 2+ and Ca 2+ in particles sampled in heavily polluted periods did not significantly increase. This indicated that the fugitive dust was not an important source of fine particulate matter in Beijing. The study on the chemical compositions of PM 2.5 in North China also came to the same conclusion (Zhao et al., 2013) . During the sampling periods in all of these three seasons, the average PM 2.5 concentrations in the autumn (218.4 µg m -3 ) was significantly higher than that in the summer (86.6 µg m -3 ) and winter (131.3 µg m -3 ). In the autumn, NO 3 -in heavily polluted periods was evidently higher than SO 4 2-and also much higher than NO 3 -in other seasons (Zhao et al., 2017) . For NO 3 -, SO 4 2-, NH 4 + , K + from the autumn samples, the mass median diameters (MMDs) of the droplet mode were generally the same both under the unpolluted and the polluted periods (approximately 0.8 µm), and were smaller than the MMDs under the heavily polluted periods (about 1.0 µm). Differently, the MMDs of the droplet mode for OC and EC under the polluted and heavily polluted periods were larger than that under unpolluted periods. The samples in other two seasons also showed the same characteristics. As mentioned above, the size distributions of each species were not notably affected by the water uptake owing to the lower relative humidity in the sampler. In a word, the MMDs of accumulation mode would increase as the pollution level increases for NO 3 -, SO 4 2-, NH 4 + , K + , OC, and EC, which were mainly caused by the coagulation between the small particles and the intensified surface secondary reaction. This feature can also be found in the observation of the number concentration distributions (Zhao et al., 2017) .
Based on the characteristics of the mass concentration distributions for each species and above analysis, we can classify these sample sets and give the representative distributions for different pollution levels or seasons. The percentages of mass concentration for each size bin to the total concentration were calculated for all species. The average mass concentration percentages for different pollution categories are listed in Table 3 . The results of Na + and NO 2 -are not presented because they exhibited no regularity. Except for Cl -and EC, the average distributions were highly correlated among all these three pollution levels for each species in the autumn samples.
Charge Balance Analysis
In this paper, we also calculated the molar concentrations of the positive electric charges of NH 4 + (PEC-NH 4 + ) and all of the analyzed cations (PEC-all), along with the molar concentrations of negative electric charges of all of the analyzed anions (NEC-all) for each sample. NEC-all was described by two curves (NEC-all-HSO 4 -and NEC-all-SO 4 2-), indicating that SO 4 2-was assumed to be in the form of HSO 4 -or SO 4 2-, respectively. The average electric charge concentrations for different pollution levels in the autumn are displayed in Fig. 4 . The PEC-NH 4 + and PEC-all levels were both below the NECall level for the stage below 0.1 µm. The Aitken mode was mainly from the primary emissions of fossil fuel combustion or aged new particles. Therefore, there might be acids or other metal elements in this mode to balance the excess negative electric charges.
For the condensation mode, NEC-all was lower than PEC-NH 4 + and PEC-all, and PEC-NH 4 + and PEC-all were considerably close. It indicates that the cations were dominated by NH 4 + in this mode, and the NH 4 + was sufficient to balance the anions. The ammonium was primarily composed of NH 4 NO 3 and (NH 4 ) 2 SO 4 . F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  F13 There were two cases for the droplet mode, just like the results in the other two seasons. The PEC-NH 4 + and PECall were higher than NEC-all during the unpolluted and polluted periods, which was similar to the condensation mode. However, the PEC-NH 4 + was below the NEC-all during the heavily polluted periods. It indicates that the ammonium was not enough to balance the NO 3 -and SO 4 2-. In this case, the ammonium might be composed of NH 4 NO 3 and NH 4 HSO 4 . Alternatively, there might be NH 4 NO 3 , (NH 4 ) 2 SO 4 , and some acids existing because NH 4 NO 3 often forms after ammonia neutralizes sulfuric acid.
For the coarse mode, these two NEC-all curves were located between the PEC-NH 4 + and PEC-all for all of the samples. The NH 4 + concentrations evidently decreased, and the positive electric charges might be primarily composed of metal cations. The analyzed anions were not sufficient to neutralize the analyzed cations. Therefore, there should be some soluble silicate or carbonate present.
In brief, these characteristics found by the charge balance analysis are similar to those in summer and winter (Zhao et al., 2017) .
Aerosol Liquid Water Content Size Distributions
The chemical composition concentration, relative humidity, and temperature are important input data of ISORROPIA II model, and also the major factors affecting ALWC. In this paper, the size-resolved ALWC in three seasons was calculated with MOUDI data. The detailed aerosol chemical information and meteorological data in the summer and the winter come from the paper of Zhao et al. (2017) .
As indicated in Table 2 , the relative humidity in each stage of impactors was different. The size-resolved ALWC in different seasons is depicted in Fig. 5 and Table 4 . The blue lines (-amb) and the black lines (-impactor) on the figure represent the ALWC modeled by using the ambient relative humidity and the inner relative humidity, respectively. The abscissa of all the distributions in figures was calculated from the calibrated cutpoints of MOUDI sampler. It can be recognized as the geometric mean aerodynamic diameter of aerosols in a certain size range under relatively dry condition. However, the distributions would shift to larger diameters when the particles absorb water under ambient RH. It should be noted that the distributions of ALWC in The ALWC modeled with the ambient relative humidity was far higher than those in the impactors, especially for the samples under the polluted and heavily polluted periods. From this, it would be a big mistake if we supposed the relative humidity in the impactors equals to the ambient relative humidity.
The ambient ALWC showed significant diurnal variations with lower values during the daytime and higher ones during the night-time. The size distributions of ALWC look like the distributions of hygroscopic chemical species, and three modes (condensation mode, droplet mode, and coarse mode) could also be identified. In most case, the ALWC in accumulation mode was largest among all these aerosol particle modes. However, the ALWC in coarse mode was at a higher level during the unpolluted periods of autumn and winter.
The PM 2.5 concentration and relative humidity were both at a higher level during the autumn sampling periods, thus the ALWC in the autumn aerosol samples were highest over these three seasons. The average PM 2.5 concentration during the summer sampling periods was lowest, the ALWC in the summer samples was higher than that in the winter due to the higher relative humidity, however. It can be concluded that the influence of relative humidity on ALWC is far more crucial than the chemical compositions. In addition, the concentration distributions of total watersoluble ions (TWSI) among these three seasons were quite similar when under the same degree of pollution.
ALWC Uncertainty
Because liquid particles have a sharply curved surface, a greater partial pressure is required to maintain mass equilibrium for a droplet. This increase in the partial pressure of vapor increases with decreasing particle size. This effect is called the Kelvin effect (Hinds, 2011) . Owing to the presence of solutes, the saturation ratio required to maintain mass equilibrium for an aerosol droplet is much lower than that of the pure water droplet. Since the significant portion of the aerosol is in diameter sizes much larger than 0.1 µm, the Kelvin effect is neglected in the ISORROPIA II model (Nenes et al., 1998) . The recent research on the hygroscopicity of inorganic sea salt particles showed that the hygroscopic growth factor might be 6% overestimated by the ISORROPIA II model for 50nm sea salt particle under RH = 90% (Zieger et al., 2017) . The aerosol particles sampled by the 10 th stage of MOUDI-120 sampler is 56-100 nm. Therefore, the ALWC uncertainty caused by the Kelvin effect will be neglected in this paper.
The ion concentration measurement uncertainty of ion chromatography is estimated from the variability in standards and blanks. The uncertainty of airflow rate of MOUDI sampler is 2%. The final uncertainties of ion concentrations are listed in Table 5 . The uncertainty of RH measurement is 5%. The temperature and humidity were measured by one sensor, and the error of temperature has already been included in the RH. The maximum positive and negative perturbations were added to the ion concentrations and RH data, and then input the ISORROPIA II model to calculate the ALWC (Fig. 6) . The maximum positive uncertainty was about 129% and the maximum negative uncertainty was 73%. We found that the higher the original ambient RH of the sample is, the greater the ALWC deviation (both of positive and negative) is, due to the exponential growth of ALWC with RH. If we only consider the samples with ambient RH lower than 90%, the maximum positive uncertainty and negative uncertainty were 38% and 21%, respectively. Therefore, the reasonable ALWC data can be obtained by using the size-resolved chemical compositions from MOUDI sample.
CONCLUSIONS
The pressure drops in the lower stages of MOUDI could significantly decreased the relative humidity of downstream. Based on the inner relative humidity and ALWC results, the effect of aerosol moisture absorption could be neglected in most cases when collecting aerosol by multi-stage cascade impactors.
Three modes (condensation mode, droplet mode, and coarse mode) could be identified from the distributions of NH 4 + , NO 3 -, SO 4 2-, Cl -, K + , OC, and EC in the autumn, just like the results in the summer and winter. The average size distributions and concentration levels of each species did not exhibit apparent differences between daytime and nighttime. For MMDs of accumulation mode would evidently increase as the pollution increases. The NO 3 -, SO 4 2-, NH 4 + , OC and EC had increased more times than other components when during the heavily polluted periods. However, the concentration levels of Mg 2+ and Ca 2+ in particles sampled under heavily polluted conditions did not increase significantly for all three seasons. It indicated the fugitive dust is not an important source of fine particulate matter in Beijing.
In the aerosol sampled by the stage below 0.1 µm, the cations were dominated by NH 4 + , which was not enough to balance the anions. For the condensation mode, the ammonium was primarily composed of NH 4 NO 3 and (NH 4 ) 2 SO 4 , which was similar to that in the summer and winter. For the droplet mode, the ammonium was not enough to balance the NO 3 -and SO 4 2-during the heavily polluted periods.
Based on the size-resolved chemical compositions by MOUDI, the moisture absorption capacity of aerosol could be reasonably obtained. The size distributions of ALWC could be identified with three modes, just like the distributions of hygroscopic chemical species. The influence of relative humidity on ALWC was much higher than that of chemical components. 
